Introduction panded repeats have been shown to be inducible sites of chromosome fragility. Some fragile sites are known to be associated with ge-
The finding that fragile sites are associated with in netic disease (Sutherland and Richards, 1995a) . The vivo chromosome breakage (Jones et al., 1995) presents rare, folate-sensitive fragile site FRAXA is associated the need to understand the mechanisms by which such with the most common familial form of mental retardabreakage is likely to occur. In an effort to gain a greater tion, fragile X syndrome (Kremer et al., 1991; understanding of the relationship between the chemistry al., Verkerk et al., 1991; Yu et al., 1991) . FRAXE of induction of fragile sites and their DNA sequence gives rise to a milder and considerably rarer form of composition, we have characterized the first non-folatemental retardation (Knight et al., 1993) . The fragile site sensitive rare fragile site: FRA16B. FRA16B is located FRA11B is located in the CBL2 proto-oncogene and is at 16q22.1 and is present on about 1 in 40 chromosomes associated with Jacobsen (11qϪ) deletion syndrome in European persons (Sutherland et al., 1984; Schmid et al., 1986) . It is induced by chemicals such as distamycin A and berenil, which are known to bind AT-rich likely to act by substituting for thymine in the DNA sehad been used on the basis that fragile sites might represent pseudotelomere sequences; however, all telomere quence. Since this fragile site is present in some individrepeat positive clones mapped proximal to the fragile uals and not others, it would be anticipated that the site. An overlap was established between the proximal DNA sequence that gives rise to it is AT-rich and polyand distal walks when several minute plaque lambda morphic. By analogy with the folate-sensitive fragile subclones (including 961 and 962) were identified in sites, we would predict this polymorphism to consist of the immediate vicinity of FRA16B. A unique probe (18-variation in repeat copy number.
10) from the proximal side of the contig was able to detect the FRA16B-associated amplification on EcoResults O109I digests comparing normal and FRA16B chromosomes ( Figure 2 ).
Positional Cloning of FRA16B and Detection of Instability
Characterization of The region of chromosome 16 encompassing the FRA16B-Associated Amplification FRA16B fragile site was isolated by positional cloning.
A combination of polymerase chain reaction (PCR) anal-DNA markers were mapped to the FRA16B physical ysis and Southern blot analysis was used to localize the interval defined by chromosome 16 breakpoint hybrids region of amplification associated with FRA16B ( Figure  (Figure 1 ). The relative position of these markers (Dog-1). Figure 1G ). Normal size 22/23 and restriction digests separated by pulsed-field gel electro-24/28 products were generated when using template phoresis, bands of decreased mobility were found asso-DNA from the cell line CY1, which contains a single ciated with the FRA16B chromosomes (Figure 2) . The FRA16B chromosome, or from the individual N.S., who increase in size, as measured by a decrease in electrois homozygous for FRA16B chromosomes. In contrast, phoretic mobility, corresponded to ‫51ف‬ to ‫07ف‬ kb, difno PCR products (null alleles) were produced from either fering between families but of similar size within families CY1 or N.S. DNA templates with primers that flank the ( Figure 2 and unpublished data).
33 bp repeat (primers 27 and 29, Figure 1G ), localizing The megaYACs My821G9 and My837F9 were both the additional sequences associated with FRA16B to the found by fluorescence in situ hybridization to span PCR product containing the 33 bp repeat. The FRA16B FRA16B. My837F9 was used as a source of human DNA fragile site was found to cosegregate in families with to construct a detailed restriction map of the region and the null allele of the 33 bp repeat PCR. The sequence a library of subclones in the vector GEM-11 (Promega).
composition of one normal allele of the 33 bp repeat A walk was initiated out from the marker 16-53, with ( Figure 3A ) reveals a complex minisatellite with seven direction being determined with respect to the restriccopies of a repeat unit varying in length from 26 to 33 tion map. The 16-53 walk ended abruptly in the immedibp, with all copies conforming to a 33 bp consensus ate vicinity of the fragile site at 109, 11 different except for a single base substitution at position 31 and subclones terminating within a region of less than 250 deletions of varying extent toward one end of the repeat bp. Concurrently, a walk was initiated from the closest motif. PCR across the 33 bp repeat demonstrated that proximal lambda subclones (Figure 1 ). The proximalthis repeat was polymorphic in the European (CEPH) walk start-site sequences were identified by hybridizapopulation: 13 alleles were observed in 58 chromosomes with a heterozygosity of 52%. The repeat copy tion to the telomere repeat p(TTAGGG)n. This sequence number varies from 7 to 12 copies (based on differences smallest detectable FRA16B-containing DNA restriction fragment greater than 20 kb, running within the zone of in mobility), with some alleles differing by less than a whole repeat unit, indicating a complex polymorphism. compaction on ordinary agarose gels. Pulsed-field gel electrophoresis of some families ( Figure 2A ) showed These polymorphic 33 bp repeats were found to be coincident with instability of the lambda clones in E. coli, apparent stability of the amplified allele; however, changes of even several kilobases would have not been suggesting that this region is one of inherent genomic instability.
resolved under these conditions. Every unrelated FRA-16B individual has an expanded band of different mobilTo confirm the identity of the 33 bp repeat as the basis for FRA16B, PCR primer pairs consisting of either ity and therefore copy number. One individual in family C (Figure 4 ) with only a very faint ladder of bands has strand of one copy of the repeat were used in conjunction with unique proximal or distal flanking primers to below the threshold of cytogenetic expression (2%) used to distinguish fragile site from normal chromogenerate a ladder of bands from an amplification of the repeat. While normal chromosomes usually gave rise to somes. This individual has a haplotype consistent with inheritance of the FRA16B chromosome and is therefore multiple products, none of these was as extensive as the ladder of bands generated from FRA16B chromosomes mosaic for the expanded repeat, indicating somatic instability at the FRA16B locus. Germline instability at the (Figure 3 ). PCR analysis in FRA16B pedigrees demonstrated cosegregation of these ladders with the fragile FRA16B locus is apparent in a family in which the father expresses FRA16B and one of his children has a t(1;16) site (Figure 4) . Ladders of bands were generated from both ends of the repeat (Figure 3) , thereby confirming translocation, the chromosome 16 breakpoint of which maps to the FRA16B region (Garcia-Sagredo et al., 1983 the location of FRA16B at the 33 bp repeat. This result demonstrates that the fragile site is composed of an and unpublished data). amplification of the existing 33 bp repeat. The amplification gives rise to a perfect repeat of up to 2000 copies. Discussion Attempts to demonstrate instability of the amplified repeat within FRA16B families were unsuccessful beWhen compared to the folate-sensitive fragile sites, the distinguishing features of FRA16B are the length and cause of the extremely large size of the amplification (the smallest is ‫51ف‬ kb). This property rendered the composition of its repeat motif. Basic local alignment search tool (Altschul et al., 1990) searches of the tandem repeats and VNTRs. Analysis of repeat-copy number changes at the DM p(AGC)n repeat implicated FRA16B repeat motif revealed striking homology with the polymorphic variable number tandem repeat (VNTR) gene conversion in microsatellite repeat-copy number mutation (O'Hoy et al., 1993) . Recently the demonstraat the COL2A1 collagen gene locus (Berg and Olaisen, 1993) . Many alleles of this locus have been sequenced, tion that the genotype of the normal allele of MJD individuals has an affect on the instability of the expanded and comparison of these sequences reveals that the copy number variation at this locus occurs in the most allele (Igarashi et al., 1996) again implicated a gene conversion-like mechanism. The hypermutable minisatellite highly homologous copies of the repeat toward the middle of the VNTR. The variation in COL2A1 VNTR repeat MS32 has been found to have certain alleles that are predisposed to higher frequency of mutation, and those copy number therefore exhibits a striking parallel to the simple tandem repeat-copy number polymorphisms alleles are associated with a point mutation in the flanking DNA sequence ; Monckton et that are dependent on perfect-repeat composition (Berg and Olaisen, 1993) . Highly homologous copies of the al., 1994). These MS32 mutations that occur by gene conversion are small changes in repeat copy number, VNTR repeat predispose to repeat-copy-number instability, suggesting that the mutation mechanism involves by comparison with those in FRA16B. It is possible that distinct mechanisms of repeat expansion mutation exist: events similar to those thought to characterize simple tandem repeat mutation. On this basis we propose that gene conversion (possibly mediated by trans-acting factors), giving relatively small changes in copy number, FRA16B is due to the expansion of perfect-repeat copies of the 33 bp motif located at the site of repeat-copy and slippage (which is dependent on the composition of the VNTR itself), giving very large increases in copy number polymorphism in the normal population.
Gene conversion has been implicated as the molecunumber. The finding that FRA16B consists of a greatly expanded minisatellite repeat is evidence that repeat lar mechanism for the copy number mutation of simple The proximal (29-3303) 33-mer repeat assay in three FRA16B families, demonstrating segregation of the expansion with cytogenetic expression of the FRA16B fragile site (half-closed symbols). One individual (half-shaded symbol) with a faint ladder of bands (downward arrow) has less than 2% of metaphases expressing FRA16B and therefore has below the threshold level used as the criteria for expression of the fragile site. This individual has a haplotype consistent with inheritance of the FRA16B chromosome and may be mosaic for the expanded repeat and therefore have a very low level of chromosomes capable of expressing the fragile site.
sequence-copy number mutation can proceed by simi-BЈ-DNA. This is of relevance to the mechanics of fragile site induction, since as a general rule sequence-specific lar mechanisms regardless of the length of the repeat motif.
binding proteins bind to the major groove while nonsequence-specific proteins bind to the minor groove. Recently, two VNTRs have been associated with human disease: the H-ras VNTR with increased risk of Unlike the folate (and thymidine)-sensitive fragile sites, the induction chemistry of FRA16B is obviously consiscancer (Krontiris et al., 1993) and the insulin gene VNTR with insulin-dependent diabetes mellitus (Bennet et al., tent with its AT-rich composition. Identification of the sequence composition of FRA16B will allow in vitro anal-1995; Kennedy et al., 1995) . Rare alleles of the H-ras VNTR act as modifiers of genetic risk to cancer (Krontiris ysis of the affect of inducing agents on the ability of the FRA16B repeat to bind proteins and determination of et Phelan et al., 1996) . Individuals with a BRCA1 mutation are at much higher risk of developing ovarian whether there might be common components for the fragile site induction process for the different classes cancer if they also have a rare H-ras VNTR allele than are individuals with a BRCA1 mutation and a common of chromosomal fragile site. Unstable repeat sequence mutation is also referred H-ras VNTR allele. It has been proposed that the rare alleles indicate predisposition of the repeat to instability to as dynamic mutation (Richards and Sutherland, 1992) and has generally been associated with the increase (Phelan et al., 1996) . The molecular basis for FRA16B and the COL2A1 VNTR support the view that for some in copy number of trinucleotide repeats. The common properties of this form of mutation appear equally appliVNTRs prone to copy number instability, the composition of the repeat is the predisposing factor. cable to dinucleotide repeats, polymorphism being related to copy number and repeat interruptions stabilizing The sequence of FRA16B is of particular significance to understanding the relationship between the chemistry the repeat (Weber, 1990) . Various trinucleotide repeats have been demonstrated to undergo amplification in the of induction and the sequence composition of fragile sites. The cytogenetic expression of FRA16B is sensitive human genome (Lindblad et al., 1994) . The finding that FRA16B is due to the amplification of a 33 bp repeat to chemicals that bind to AT-rich regions of DNA. These include the antiviral and antitumor drugs distamycin A demonstrates that dynamic mutation is a property common to repeats, not only of various composition ( repeat. The PCR conditions were as follows: 30 cycles of 88ЊC for 30 s, 45ЊC for 30 s, and 58ЊC for 3 min. Products were electrophoExperimental Procedures resed on a 5% acrylamide gel, which was dried and subjected to autoradiography.
Construction of YAC Contig
Proximal PCR was performed with primers 29 and 3303: 5Ј-ATATA Sequence-tagged site (STS) sequences (16-10, 16-53, and 16-101) TTATATATTATATCTAATAATATAT C /ATA-3Ј. Distal PCR was perfrom within the CY125-CY130 interval were used to screen the CEPH formed with primers 38 and 3309: 5Ј-TAG/TATATATTATTAGATATA YAC library. Positive YACs were used as templates for Alu-PCR to ATATATAATATAT-3Ј. generate products for screening the Los Alamos human chromosome 16-specific cosmid library. Positive cosmids (306C5, 60H5, Acknowledgments and 328F12) were subject to sequence analysis to generate additional STSs, which were used to isolate additional megaYACs. Annette Orsborn, Sharon Lane, Julie Nancarrow, Tony Triglia, Sihuman DNA were selected by hybridization to 32 P-labeled total hunoula Apostolou, David Callen, John Mulley, and Brian Reid for man DNA. Lambda contigs were established by hybridization using technical assistance, discussions, and comments on drafts of this end-fragments or RNA probes generated from the ends of the human manuscript. R.I.R. thanks Shelley Richards for support and encour-DNA inserts (Riboprobe, Promega).
agement during the course of these studies and dedicates his contribution to the memory of Ken Little.
Fluorescence In Situ Hybridization Mapping
Lambda DNA clones and total DNA extracted from yeast cultures Received November 4, 1996; revised December 12, 1996. containing YACs were used as probes for fluorescence in situ hybridization to metaphase chromosomes expressing FRA16B. References FRA16B was induced in blood lymphocytes by the addition of berenil 24 hr before harvest (Sutherland et al., 1984) , and metaphase Altschul, S.F., Gish, W., Miller, W., Myers, E.W., and Lipman, D.J. spreads were prepared by standard methods. The hybridization and (1990) . Basic local alignment search tool. J. Mol. Biol. 215, 403-410. signal detection were as described elsewhere (Callen et al., 1990) .
Bennet, S.T., Lucassen, A.M., Gough, S.C.L., Powell, E.E., Undlien, Probes were nick-translated with biotin-14-dATP and hybridized in D.E., Pritchard, L.E., Merriman, M.E., Kawaguchi, Y., Dronsfield, the presence of 200ϫ excess of sonicated human placental DNA.
M.J., Pociot, F., et al. (1995) . Susceptibility to human type 1 diabetes Detection and amplification of the target sequences were performed at IDDM2 is determined by tandem repeat variation at the insulin with avidin-fluorescein isothiocyanate and biotinylated goat antigene minisatellite locus. Nature Genet. 9, 284-292. avidin. Chromosomes were stained before analysis with both propidium iodide (as a counterstain) and DAPI (for chromosome identifiBerg, E.S., and Olaisen, B. (1993) . Characterization of the COL2A1 cation). Sequential metaphase spreads were examined until at least VNTR polymorphism. Genomics 16, 350-354. ten chromosome 16s expressing the fragile site and exhibiting signal Callen, D.F., Baker, E., Eyre, H.J., Chernos, J.E., Bell, J.A. and Suthfrom the probe had been scored. The position of the signal was erland, G.R. (1990) . Reassessment of two apparent deletions of scored as proximal, central (i.e., overlying the gap in the chromochromosome 16p to an ins(11;16) and a t(1;16) by chromosome some), or distal to the fragile site.
painting. Ann. Genet. 33, 219-221.
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